Summary. To examine the temporal relationship between Hb Aic values and various indices of blood glucose control, 38 diabetic and 28 nondiabetic youth counsellors employed at two summer camps for diabetic children took part in an eight-week study. Each week fasting determinations were made of Hb AI, Hb Al~ , serum cholesterol, triglyceride and growth hormone and plasma glucose. Total daily urine glucose excretion was measured approximately two times per week, capillary glucose values were measured fasting and at 11 a. m. and 3 p. m. on two days per week, and urine glucose was measured semiquantitatively four times per day. As Hb AI was correlated highly with Hb AI0 (r = 0.997), it was used as the primary index of glycosylated haemoglobin. The mean values of Hb AI, serum cholesterol and triglycerides and fasting plasma glucose were all significantly elevated in the diabetic group but only Hb AI values provided total separation of the two groups. Within the diabetic group the Week 8 Hb A I values showed a significant correlation with the Week 8 mean capillary glucose concentrations, the proportion of urine tests showing 2% and 0% glycosuria, and mean serum triglycerides. Correlations of Week 8 Hb A~ with the mean values of these glycaemic parameters for each week of the study demonstrated low order correlations with the glycaemie measures of Week 1, and a progressive increase in the degree of correlation reaching a plateau with the glycaernic measures of Week 4 to 8. Similar correlation analysis using the Hb Ai values from Week 4 confirmed these findings. Therefore, while Hb AI provides an index of the control of diabetes, it appears to be more acutely responsive to blood glucose alteration than generally recognized.
Following the initial observation that the minor haemoglobin, haemoglobin (Hb) Aic , is increased in diabetic subjects [1, 2] it has been established that Hb Aic is a glycosylated derivative of the major adult haemoglobin, Hb A H [3, 4, 5, 6] . Hexose molecules attach to the N-terminals of the two B chains of the Hb An molecule, initially in a reversible Schiff base linkage but subsequently they rearrange spontaneously to form a more stable ketoamine linkage [3] . Two further minor haemoglobin components Hb Aia and Hb At0 are commonly measured as a single entity, Hb Aia+b , which is also increased in the diabetic [7, 8] . All three minor haemoglobin components are formed postsynthetically, their concentrations increasing slowly and apparently linearly over the life-span of a cohort of red cells [6] .
On the basis of these observations, and the known constancy of red blood cell survival [9] it has been proposed that the concentration of Hb Arc should provide a measure of the average blood glucose concentrations prevailing over the life-span of the red cells sampled [6, 10] . Gabbay et al. [7] observed that Hb A I correlated significantly with 24-h urine glucose excretion determined at monthly intervals over a three-month period prior to the Hb A t sample in a large group of juvenile diabetics. The highest correlation was between the Hb A I level and the 24-hour urine glucose obtained two months prior to Hb A I determination. In addition, Ditzel et al. [11] noted that Hb Aic values fell over a period of weeks to months following initiation of insulin therapy in a group of newly diagnosed diabetics. On the other hand, the rate of decline of Hb Aic values following imposition of rigorous diabetic control in a group of five diabetics described by Koenig et al. [12] appeared inconsistent with a reduction in rate of synthesis alone. Furthermore, high correlations have been reported between Hb Aic values and virtually simultaneous blood glucose concentrations [13, 14] . Finally, short-term changes in blood glucose concen-O012-186X/79/0017/0213/$01.60 trations have been reported to influence Hb A~c values [15] .
In view of the clinical importance of the relationship between blood glucose concentrations and the related Hb Aic concentrations, and in particular, the response of the latter to blood glucose changes, we have examined this relationship in a group of thirtyeight juvenile onset diabetics studied for an eightweek period.
Methodology

Subjects
Thirty-eight diabetic and 28 nondiabetic counsellors at the E. P. Joslin and Clara Barton Diabetic Camps volunteered for the study. The diabetic group comprised 20 male subjects, mean age 19.1+_0.5 years (_+ SEM), mean % of Ideal Body Weight (% IBW) 108+2, and 18 female subjects, mean age 19.4+1.1 years and mean % IBW 111 _+4. All were on insulin therapy and had no major diabetic complications. The nondiabetic group comprised 6 male subjects, mean age 20.8_+l.3 years, mean % IBW 106_+5, and 22 female subjects, mean age 20.9+0.6 years and mean % IBW 104_+3. Informed written consent was obtained from all subjects prior to the study and countersigned by a parent or guardian in the case of minors.
Procedures
The study was performed during the course of a summer camp session of eight-weeks duration. Each Monday following an overnight fast, a blood sample was drawn for determination of plasma glucose, serum triglycerides, serum growth hormone, and glycosylated haemoglobin in both the diabetic and nondiabetic subjects. The diabetic subjects tested their urine semiquantitatively four times a day for glucose concentration, provided two or more 24-h urine collections per week for glucose determination and on two or more days per week had capillary glucose concentrations determined fasting, at 11 a.m. and at 3 p.m.
Methods
Hb Aic% and Hb AI% were determined with a high performance liquid chromatography technique [16] . Aliquots of a pooled haemolysate were kept in liquid nitrogen and run at the beginning and end of each day's samples. The inter-and intra-run coeffidents of variation of the quality control sample were both approximately 3% [16] . Serum cholesterol and serum triglycerides were measured with an automated colorimetric method [ 17] , and serum growth hormone by radioimmunoassay [18] . The fasting plasma glucose levels were determined with a glucose oxidase method [19] , the capillary glucose levels with Dextrostix and the Eyetone Reflectance Meter (Ames Company, Elkhart, Indiana). Twentyfour h urine glucose excretion was measured with Sumner's technique [20] . To assess the adequacy of the 24-h urine collections, the total creatinine excretion was determined from two collections for each subject. The mean total creatinine excretion (• SEM) was 1.20_+0.05 g/day. The daily semiquantitative urine glucose tests were determined with Benedict's solution, the results being expressed in g/100 ml ranging from 0% to 2%. For purposes of analysis the total number of 0% and 2% urine tests recorded by each subject for each week of the study were calculated as the proportion of the total number of tests for the week.
Statistical Analyses
The data for all the subjects were processed by an IBM Model 370/168 computer using the Data Text program package [2 l] . The statistical analyses involved the computation of conventional correlation coefficients and regression equations; differences between two group means were determined by Student's t-test, either paired or unpaired where appropriate. All data are expressed as mean + SEM.
Results
Relationship of lib A1% to Hb A~c%
The relationship of Hb AI% with Hb Axe% values recorded in the diabetic and nondiabetic subjects in Week 1 of the study was calculated. The correlation coefficient was close to 1 (r = 0.996, p < 0.001), and the regression equation was: 9 Hb A I = 1.02 + 1.14 Hb Aic. Repeated analysis of this relationship for Weeks 2-8 of the study produced correlation coefficients of a similarly high magnitude, and the regression equations were virtually identical.
Diabetic Compared to Nondiabetic Values
The diabetic and nondiabetic fasting plasma glucose, serum cholesterol, serum triglyceride and Hb A I values recorded in Week 1 of the study are depicted in Figure 1 . The mean values of all four variables were significantly greater in the diabetic group (p < 0.001, with cholesterol, p < 0.05). There was no overlap of the diabetic and nondiabetic Hb AI% values (with one exception), but marked overlap of the other three variables.
Mean levels of Hb AI, fasting plasma glucose, serum cholesterol and serum triglyceride concentrations for both diabetics and nondiabetics in each week of the study are listed in Table 1 . The significant differences noted between the two groups in the first week were maintained over the eight weeks although not consistently for cholesterol.
The mean serum growth hormone concentrations did not differ significantly between the two groups for any of the eight weeks (data not shown). The mean values in the diabetics over the eight weeks ranged from 3.6 to 2.0 ng/ml; in the nondiabetics the range was from 3.6 to 2.1 ng/ml.
To assess the relative stability of Hb A I in the diabetic compared to the nondiabetic subjects, the mean, standard deviation and coefficient of variation of Hb AI were calculated for each diabetic and nondiabetic subject from the eight values determined over the study period. The mean coefficient of variation in the diabetic and nondiabetic groups respectively were 9.1+0.7% vs 6.6+0.5% (p < 0.01). 
Weekly Mean Glycaemia in the Diabetic Group
The weekly mean values in the diabetic group for capillary glucose, 24-hour urine glucose excretion, proportion of 2% and 0% urine tests are listed in Table 2 . A statistically significant increase in mean capillary glucose values was observed in Weeks 5, 6 and 8 compared with Week i on paired t-test analysis, also in 24-h urinary glucose in Week 6 and a significant decrease in the proportion of 0% urine tests in Weeks 2, 3, 4, 5, 6 and 8.
Correlation of Week 8 Hb A I Values with Mean Glycaemia in the Antecedent Eight Weeks of the Study
The mean values for capillary glucose, proportion of 2% and 0% urine tests, 24-h urine glucose excretion, serum cholesterol and serum triglyceride concentrations over the eight weeks of the study were calculated for each diabetic subject and correlated with the Hb A I values from Week 8 ( Figure 2 ). The highest correlation was noted with the mean capillary glucose (r = 0.78; p < 0.001). Somewhat lower, but still 
Correlation of Hb A 1 with Mean Weekly Glycaemia
To examine the influence of degree of control in each week on the Hb Ax values determined at the end of the study, the weekly mean capillary glucose, fasting plasma glucose, 24-h urine glucose excretion and proportion of 2% and 0% urine test values were calculated for each diabetic subject. These weekly indices of glycaemia were then correlated with the Week . In addition, it was apparent that the change of glucose control from week to week within the subjects was such that the predictive value of the Week 4 Hb AI for subsequent glycaemia was restricted to approximately one week ( Figure 3 -lower panel) . For control purposes, the mean 24-h urine glucose excretion in Week 8 of the study was correlated for each subject with their mean weekly indices of glycaemia, as shown in Figure 4 . It was apparent that the Week 8 mean 24-h urine glucose excretion correlated highly significantly with four of the five indices of glycaemia in the last five weeks of the study. Thus, the stability of glucose control in the latter half of the study undoubtedly influenced the period of time for which the Week 8 Hb A I was useful as an index of prior glucose control.
Correlation of Hb Az with Antecedent Weekly Serum Fasting Lipids
The correlation coefficients of Week 8 Hb A I values with the weekly serum cholesterol and serum triglyceride concentrations of the diabetic subjects are listed in Table 3 . The Week 8 Hb A~ values correlated significantly with both these serum lipids for Weeks 3 and 4 and with triglycerides in Week 7 (Table 3) .
Discussion
To date, the lack of a simple and rapid analytical method has greatly restricted the clinical evaluation of Hb A I and Hb A~c measurements. In the present study, a high performance liquid chromatography method was used that permitted both variables to be determined with a considerable degree of accuracy in a large number of samples. The high degree of correlation noted by Gabbay et al. [7] between Hb AI and Hb A~c was confirmed in this study, and in addition, it was demonstrated that this relationship (as evidenced by regression analysis) remained constant on repetitive determinations over an eight-week period. Therefore, for clinical purposes, it seems reasonable to use the simpler measurement of Hb A I alone in place of the more lengthy determination of Hb AI~. The one proviso to this is the need for greater care in sample handling for there is a progressive increase in the Hb AI~+b fraction with time [22] unless this is obviated by storage at -80 ~ or prompt analysis of the samples. With present technology, however, Hb A~ can be determined in approximately ten minutes per sample [16] and accordingly this method is feasible for routine clinical application.
The Hb A I values noted in this study in the diabe- tic group were consistently greater than the highest values recorded in the nondiabetic subjects. In contrast the diabetic serum cholesterol, serum triglyceride and plasma glucose concentrations overlapped the normal range of values considerably although the mean values were significantly elevated in the diabetic group. These findings are consistent with the generally accepted mechanism of formation of glycosylated haemoglobin in that it is an integral related to the average glucose level to which the haemoglobin is exposed. Consequently, this should provide a better discriminant of diabetic from the nondiabetic than a rapidly fluctuating variable such as the fasting blood sugar. Similarly, the observation that the coefficient of variation of Hb A I for diabetic subjects was only about 50% greater than that for nondiabetics is in keeping with the notion that Hb A~ is a relatively stable parameter. Somewhat surprisingly, the mean serum growth hormone concentrations did not differ significantly between the diabetic and the nondiabetic groups. Serum growth hormone concentrations have been previously reported to be elevated in juvenile diabetic subjects in basal and ambulant conditions and also in response to provocative stimuli [23, 24, 25] . In the present study, however, it is noteworthy that the growth hormone samples were all drawn under fasting conditions and this restricted sampling may account for the discrepant findings. It has been previously reported that significant differences in diurnal growth hormone concentrations may not be apparent from fasting values alone [26] .
To examine the relationship between Hb AI and time averaged blood glucose concentrations, the Fib A I values from the last week of the study were initially correlated with the average degree of glycaemia present in the antecedent eight weeks of the study. Highly significant correlations were achieved with the various measures of diabetic control, the highest correlations being noted with the mean of the multiple capillary glucose determinations. These findings could be taken to confirm the general premise that Hb A~ values provide a reflection of average blood glucose concentrations present for a substantial period of time, in this case, two months. Further analysis, however, of the relative influence of the degree of glycaemia in each week of the study on the subsequent Hb A I values did not confirm this finding.
Thus, it was apparent that the Hb A~ values from Week 8 correlated most strongly with the degree of glycaemia present in the four to five weeks prior to the samples. Furthermore, correlation of the Hb Ar values from Week 4 of the study confirmed that the highest correlations were those between the Hb A~ and the events of the immediately antecedent few weeks. Therefore, it appeared that Hb AI was representative of the average degree of glycaemia present in the four to five weeks prior to the sample and maximally predictive of the degree of glycaemia for the week immediately prior to the sample. Similar correlation analyses of Week 8 mean 24-h urine glucose excretion with these same weekly indices of glycaemia clearly demonstrated that stability of glucose control in the latter half of the study undoubtedly contributed to the high correlations with the Week 8 Ub A I values. Under conditions of acute change in blood glucose control therefore, it is possible that the period of time for which Hb A I is useful as an index of glucose control may be further abbreviated.
These observations are at variance with the view that glycosylated haemoglobin is synthesized slowly and essentially irreversibly over the life span of the red cell, for such a mechanism precludes any abrupt changes in Hb A~ concentrations. On the other hand, the published data supporting this concept in the diabetic subject are relatively scant, as mentioned earlier, and also inconclusive. Therefore, while the observations of Gabbay et al. [7] may be taken to indicate that a single Hb A~ value is representative of glucose control for a three-month period, it is alternatively possible that the findings of this study were due solely to stability of glucose control in the group studied. The decline in Hb AIc values noted by Ditzel et al. [11] in a group of diabetics commenced on insulin therapy provides stronger evidence of a relatively rapid decrease in Hb AIo, but unfortunately the associated glucose concentrations that are needed to interpret the rate of decline of the Hb Aic concentrations are not documented.
The present study and that of Karamanos et al. [15] provide evidence that Hb AI, or Hb Aic, may be relatively acutely responsive to changes in blood glu-cose concentrations. While the minimum period of time over which a change in blood glucose concentration must be sustained to produce a response in Hb A~ is not clear, it may be of the order of a week or less [15] assuming reasonable accuracy of the method. The mechanism by which these relatively rapid changes in Hb A I are produced is not known. Reduced red cell survival in the diabetic is virtually excluded by the study of Peterson et al. [27] , for the observed reduction in life span was not adequate to explain the present observations. Dissociation of glycosylated haemoglobin in the stable ketoamine form also seems unlikely [13] , but the possibility of a disproportionate increase in the reversible Schiff base moiety in the diabetic has not been excluded. A third theoretical possibility is a disproportionately accelerated synthesis of glycosylated haemoglobin at elevated blood glucose concentrations, but this also is purely conjectural.
Irrespective of the mechanism, it is clear that the kinetic relationship between Hb A I and blood glucose concentrations will need to be carefully defined before glycosylated haemoglobin concentrations can be accurately interpreted as a measure of diabetic control. Nevertheless, it is important to emphasize that an integral of blood glucose concentrations, if only for a period of weeks rather than months, is still clearly superior in simplicity and objectivity to the conventional measures of control. Moreover, the optimum frequency of Hb A1 determinations required to monitor diabetic control for a protracted period of time will need to be based not solely on kinetic considerations, but also on the actual variability of Hb AI observed in diabetic subjects under daily life conditions. Data on this latter point are currently not available.
There are conflicting reports on the correlation of Hb A I with the fasting concentrations of serum cholesterol and triglycerides [7, 13, 14, 28] . In the present study, the Hb Ax values from Week 8 did correlate significantly with the mean serum triglyceride values for Week 3, 4 and 7 and with the serum cholesterol at Weeks 3 and 4 but these correlations were of a low magnitude. A high correlation has been noted by Peterson et al. [28] between Hb AIc and serum triglycerides, but this study differs from others in that the serum level of triglycerides were considerably elevated prior to institution of rigorous diabetic control. In contrast, in the present study over half the serum triglyceride concentrations of the diabetic subjects were in the normal range and the remainder were not greatly elevated. Therefore, it seems probable that under the more routinely encountered conditions of diabetic control the influence of the degree of glycaemia, as manifested by Hb A1 values, on fasting cholesterol and triglyceride concentrations is slight.
In summary, this study provides further evidence of the close correlation between Hb AI values and blood glucose concentrations, but additionally it provides evidence that the Hb A I values are relatively more influenced by the degree of glycaemia present in the weeks immediately preceding the test date.
